Liquid-Filled Gyroscope Rotating Liquids Two-Component Liquids
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"-Gyroscope experiments have been conducted to measure the yaw grow.'th rate in a cylinder filled with two immiscible liquids (silicone oil and water). The experimental data were obtained by measuring the yawing motion of a free Gyroscope when the spin is held constant. The yaw history was processed to obtain the yaw growth rate induced by the liquid. Yaw histories were obtained for a 90`-filled cylinder (height = 25.78 cm and diameter = 8.24 cm) spinning at BC (continued)
The effects of liquid payload motion on the flight behavior of a projectile have been of concern to the Army for many years.
For the past 25 years, there has been a systematic effort within the Army to solve liquid payload problems and the effort has included both experimental and theoretical approaches.
Much of the earlier work has been published in Reference I which is an Engineering Design Handbook (1969) for liquid filled projectiles. Reference 2 contains an excellent bibliography of much of the significant research including more recent contributions.
Although many facets of the problem have been addressed, most of the past effort has been directed toward the case of a single component liquid payload.
Scott 3 considered a twocomponent inviscid system, derived relations for the liquid eigenfrequencies, and obtained fair agreement with experiment.
Murphy 2 provided a formulation of the effect of liquid motion on projectile stability by computing liquid moments from the internal cavity wall pressures and wall shear stresses. This work was applicable to a fully spun-up liquid (solid body rotation) in a completely-or partially-filled cylinder with a solid or air central core. More recently, Murphy, considered two immiscible, viscous liquids in a rotating cylinder. The effects of viscosity are approximated by boundary layer treatments based upon the work of Wedemeyer.
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Viscous effects are limited to the boundary layer on the cylinder walls and to the viscous shear layer at the interface of the two liquids.
The recent theoretical advances for a two-component liquid and the practical %oplications were motivating factors for this experimental investigation.
Therefore, the objective of this experimental investigation was to provide an initial data base for a two-component liquid-filled cylinder and to provide experimental data which could be compared to theory. I1. EXPERIMENT A. The Laboratory Gyroscope.
2.
Engin ering Design
The liquid-filled cylinder at full spin is shown in Figure 1 . The cylinder was filled to 90%, leaving an air core of approximately 31% of the cylinder radius. The liquids have different densities which cause the heavier liquid to centrifuge toward the outer region of the cylinder and force the lighter liquid inward.
The two liquids, oil and water, are immiscible and an interface is formed at the radius bl.
The cylindrical container is located within the rotor of the freely gimballed gyroscope shown In the photograph of Figure 2 . The rotor is fairly massive and weighs approximately 30 times as much as liquid. Rings of varying mass can be added to the rotor to change the spin moment of inertia and, hence, change the natural frequency of the system. The rotor is mounted inside a non-rotating cage with ball bearings at each end.
A DC, variable speed motor, attached to the bottom of the cage drives the rotor at the desired spin rate. A threaded spindle is situated on the top of the cage so that non-spinning weights can be positioned to vary the transverse moment of inertia, ly, which also changes the natural frequency of the system. The gimbal pivots consist of crossed-leaf springs (flexural pivots), which are instrumented with strain gages.
The strain gage output is linear with angle for small yaw angles.
The pivots have very small spring constants and, therefore, little influence on the gyroscope motion.
B.
Data Acquisition.
The axis of the rotor, at zero yaw, is in the vertical position. The inner gimbal, which includes the rotor, is held in the vertical position while the rotor is spinning at the desired rate. After sufficient time has elapsed for the liquid to achieve solid body rotation, the inner gimbal is released with care so as not to impart a disturbance. Any significant unstable motions are self-starting and do not require an initiai disturbance.
As the coning (yaw) motion grows in amplitude, the yaw histories are recorded on a digital oscilloscope.
The strain gage output from one flexural pivot is shown in Figure 3 .
If the data are of satisfactory quality, they are stored on a floppy disc. Weights on the spindle are then moved so that another yaw frequency can be obtained and the above procedure is repeated until enough data is acquired to define yaw growth rates over the desired range of coning frequencies.
C.
Data Processing.
Data are transferred from the local oscilloscope medium to a VAX 11-780 mnicomputer for processing.
The data reduction program provides the capability of digital filtering which is usually necessary; also, windowing is sometimes required to discard obviously bad data.
The program selects an initial yaw amplitude, Kjt) to be used in scaling all successive amplitudes, K 1 . The data are plotted as ln(Kj/KjO) versus time increment, and fitted by a linear least squares procedure over the desired interval. Figure 4 shows such a plot and the interval of linearity is seen to be approximately from 3 to 9 seconds.
A linear variation of ln(K1/Kln) with time indicates a constant 8 growth rate.
Usually the yaw amplitudes are small (in the range of 0.2 to 1.5 degrees).
Typically, the response of the gyroscope is carefully examined for the maximum yaw growth rate ( 1 max) and the coning frequency at which maximum max' yaw growth rate occurs a A summary of the test conditions is provided in Table 1 . Approximately 20 to 24 yaw histories were obtained for each test condition. III. ACCURACY Table 2 provides estimates for some of the errors. The aspect ratio (c/a) of the cylinder was determined from physical measurements and is believed to be accurate to within ±.05%.
This small uncertainty in c/a is equivalent to almost 1% error in ( R ) and slightly more than 1% error in yaw growth rate. The fill ratio, f, of the cylinder was determined from height measurements using a cathetometer equipped with a sighting scope and a precision vernier scale.
The cathetometer has a resolution of .01mm, but repeated measurements indicated an uncertainty on the order of 0.2mm which corresponds to less than 0.1% in fill ratio.
The yaw frequency and spin rate which determine the dimensionless yaw growth rate are believed to be accurate and should not be a significant factor in evaluating comparisons with theory. Yaw damping tares, due to the flexural pivots, were obtained for the empty cylinder but were not applied to the experimental data.
If the tare values had been applied, peak values of predicted gr3wth rate would have decreased by
.'e approximately 1%.
A small offset of the rotor center of gravity from the gimbal pivot axis produces a gravity moment; the restoring force of the flexural pivots also produces a moment.
These moments are equivalent to an external moment which influences the gyroscopic stability of the system.
From some of the tare runs, a slow mode yaw frequency could be detected in addition to the fast mode frequency.
Some estimates of the gyroscopic stability factor determined from the two frequencies indicated a gyroscopic stability factor (Sg) of almost -10. repeatibility ------------*Occasional errors in rI larger than the above values A value of sg X -10 decreases the growth rate predicted by the theory' by approximately 3% but does not noticeably change the yaw frequency. The computational and experimental data were not corrected for the gyroscopic stability factor. Computationally, the gyroscopic stability factor is assumed to be infinite.
Occasionally some values of yaw growth rate fall below the well-defined trend of the experimental values.
For example, Figure 8 shows two obvious points (circles) which are 5-10% below their expected level.
The cause of this type of error has not been identified but the number of occasions i s: not sufficient to alter the trend of the data.
None of the identifiable errors are of sufficient magnitude to explain the observed frequency bias betwveen the experiment and theory.
IV. RESUL[S AND DISCUSSION
All of the computational results shown in the graphical presentations were obtained using Murphy's theory. 4 The two-component liquid for most of the tests consisted of Dow Corning 1.0 cs oil and water (also 1.0 cs). This combination may at first not seem too interesting because the physical properties of the liquids are not greatly different.
However, computations show that substantial changes in the yawing rates and growth rates occur for various oil to water ratios.
Because of the boundary layer approximatiors in theory, the low viscosity fluids (which have higher Reynolds numbers) should . give conditions where the theory performs well.
Also, the theory, at the time of the experiments, was more rigorous for the case of equal kinematic viscosities.
(Previously, an average Reynolds number was used for the endwall boundary layer calculations, but recent methods properly match the viscous regions of the two liquids on the endwalIs of the cylinder.)
The experimental results, in tabular form, are presented in Table 3 (see pages 14-17).
The yaw growth rate parameter (c), and the fast mode, liquid side moment parameter (CLSM*)are included in the tabulation but were not shown in graphical form along with theory.
Additional parameters are needed to _ compute c and CLSM, from TI and, therefore, decrease the accuracy of e ýnd CLSM* with respect to TI.
Using TI provides a more accurate comparison of theory and experiment.
The parameters e and CLSM* are defined as follows: .....................'.. .. cw.. ,,...s * .~...
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atio, c/a, of the cylinder can dramatically change the yaw rates. For this case if the computational aspect ratio is increased from 3.127 to 3.150 (or 0.7%), the agreement becomes very good at all six data points.
Results from the present test are shown in Figures 6 -q. Figure 6 shows results for three liquid compositions of oil/water = 100/0, 85/15, 75/25. The data illustrate the substantial change in growth rate and yawing frequency (CR)
for the different compositions. The experimental data :re compared with R the computations which are shown as the solid curves. The amplitude of the growth rate agrees well with the computation but the predicted yaw frequencies are consistently lower for all cases.
The aspect ratio was increased by a small amount (0.29%) and the computations were rcpeated. For the 100/0 case, the correction was not quite sufficient and the 75/25 case was slightly over corrected but on the average the bias was completely removed. The results are qualitatively identical to the results of Figure 6 . The same consistent frequency bias is seen to exist, but a 0.29% increase in c/a slightly overcorrects the data for all three cases.
The measured yaw frequencies (•Rx) are about 3% to 4% larger than
Pmax predicted values. The identifiable errors of Table 2 are not sufficient to account for the discrepancy but could account for about one third of that amount.
The errors are, however, expected to be random in nature and therefore are not helpful in explaining the bias. Figure 8 shows the results of one experiment in which the kinematic viscosity of the oil was substantially increased.
The liquid oil/water ratio was 15/85 with the oil at a kinematic viscosity of 100 centistokes (cs) compared to 1.0 cs for water.
To illustrate the effect of the more viscous oil, the experimental results for 1.0 cs oil are also shown on the same figure. The effect of increasing the viscosity is seen to decrease the growth rate and also to decrease R by a substantial amount.
A comparison of computation
Rmax
and experiment again shows a frequency bias. Increasing the aspect ratio by -0.29% brings the computed frequency up to the experimental value but now the experimental growth rate is seen to be slightly low.
The values of TR-ax, were obtained at the maximum growth *and are shown in Figure 9 as a function of bl/a (oil-water interface). The result is qualitatively similar to the results of Scott (see Figure 5 ) but the frequency bias of the present study is smaller by a factor of 2.5 (.29% vs .7%) based on the c/a correction. Figure 9 illustrates the precise agreement in the trend of liquid elgenfrequencies with different oil/water compositions.
The figure also summarizes the consistent frequency bias between experiment and computation.
The frequency bias illustrated in Figures 6 to 9 has been previously observed and is discussed in Reference 2.
The aspect ratio (c/a) adjustment seems to correct the appropriate parameters but whether or not the effective aspect ratio should be slightly different from the measured value, has not yet been determined.
A reasonably constant correction of 0.29*' was adequate for the present experiments but other experiments have required different correctiohs.
Figures 6-8 show that an increase in c/a causes an increase in the predicted growth rate which could make the experimental data appear low. However, if the tare damping and the gyroscopic stability factcr, discussed in the error analysis, were accounted for, the effect would be to decrease the predicted value and thus improve th_2 agreement.
V. SUMMARY
1. An initial set of data, believed to be of good quality, has been acquired for gyroscope experiments with two immiscible liquid. in a right circular cylinder.
2.
The experimental data were found to be consistent with recent theoretical predictions.
3.
Experimentally determined yaw frequencies are consistently higher "than predicted values by three tc four percent.
4.
Further investigations are needed to properly ex.,lain the reasons for the frequency bias in both single and two component liquid systems. .ime, sec 
